When hepatocytes isolated from mouse liver are cultivated in vitro, a small fraction of cells can survive, forming colonies, while most cells die within a few weeks. We compared the colony forming capacity of hepatocytes in three mouse strains; two strains susceptible for hepatocarcinogenesis, C3H/HeJ (C3) and DBA/2J mice (D2), and one resistant strain, C57BL/6J mice (B6). The colony forming capacity was about 3:2:1 for D2, C3 and B6 at the 4th week after start of culture, indicating that this capacity correlated with the susceptibility to tumor induction. When the colony forming capacity was compared in F 1 hybrids between the three strains, the high colony forming capacity was dominant, again resembling the trait for hepatocarcinogenesis. In F 1 hybrids between the two susceptible strains, the colony numbers were more than those of the parental strains, indicating the high colony forming capacity of the two susceptible strains to be additive. During 4 weeks of culture period, the cells continuously proliferated, but fairly large numbers of cells died, some showing characteristics of apoptosis and others of lysis. Although the proliferation rate was not different among the three strains until the 2 week time point, it was significantly lower in B6 than in C3 or D2 strains by the 4th week. On the other hand, the cell death rate was lower in D2 cells than in B6 or C3 cells after 2 weeks. These results indicate that the genetic background affects proliferation and death rates of cultured hepatocytes, which may be related to the different colony forming capacity of these three strains.
Introduction
The genetic background of individuals plays an important role in their predisposition to cancers. This notion is strongly supported by the fact that susceptibility to tumor induction differs greatly among strains of animals (1) . With regard to murine hepatocarcinogenesis, the C3H/HeJ (C3), DBA/2J (D2) and C57BR/cdJ strains are known to be susceptible, while C57BL/6J (B6), BALB/c, A and SWR mice are resistant (2) . The susceptibility in C3 and D2 has been suggested to be related to a higher proliferating capacity of hepatocytes than in the B6 case, for example after partial hepatectomy (3) . Furthermore, susceptibility to hepatocarcinogenesis was demonstrated to be mainly dependent on sensitivity to tumor promotion rather than initiation (4, 5) . It has also been shown that the tumor size and growth rate are greater in susceptible than in resistant strains (6) (7) (8) (9) .
When normal murine hepatocytes are cultivated in vitro, some cells form colonies, while most die within a few weeks (10) . The cells isolated from such colonies can indefinitely proliferate in vitro, indicating that they are immortal. However, when inoculated into nude mice or syngenic mice, most of them do not produce tumors, whereas they do after introduction of a mutationally-activated ras gene (11, 12) . Capacity for colony formation has been reported to be different among mouse strains (10) , with C3 hepatocytes exhibiting much greater colony formation capacity than their B6 counterparts, suggesting that this is related to their susceptibility to tumor induction.
In this study, we therefore compared the colony forming capacity of hepatocytes from B6, C3 and D2 strains and their F 1 hybrids. C3 mice are 50 times more susceptible than B6 to both spontaneous and diethylnitrosamine (DEN)-induced hepatocarcinogenesis (2) . Genetic linkage analysis has demonstrated that this is linked to multiple genes, which are located on chromosomes 1, 2, 5, 7, 8, 12 and 19 (13) (14) (15) (16) , although the nature and/or functions of these has not yet been defined. The D2 strain is reported to be about 20 times more susceptible than B6 mice to DEN-induced hepatocarcinogenesis during the neonatal period, but they demonstrate similar resistance as B6 in adults, both for spontaneous and chemically-induced hepatocarcinogenesis (2) . D2 may have multiple susceptible genes each with minor effects, while possessing two major genes linked to resistance (17) .
To cast light on the biological background, colony forming activity in the two susceptible and one resistant strains was compared with their rates of proliferation and cell death.
Materials and methods

Isolation of hepatocytes and culture conditions
C3, D2, B6 and B6C3F 1 animals were purchased from Clea (Tokyo, Japan), and five kinds of F 1 hybrid mice (C3B6F 1 , D2C3F 1 , C3D2F 1 , B6D2F 1 and D2B6F 1 ) were produced in our laboratory. Hepatocytes of these mice were isolated at the age of 3 weeks by the collagenase-perfusion technique (18) , and dead cells were removed as far as possible by the Percoll gradient method (19) . Viability of the cells in the final preparations was 80-90%. For each strain, hepatocytes were isolated from 6-8 animals, and the cells isolated from one mouse were cultivated on collagen-coated plastic dishes (Becton Dickinson, Bedford, MA) in Williams' E medium (GIBCO-BRL, Grand Island, NY) supplemented with 10 Ϫ7 mM EGF, 10 Ϫ7 mM insulin, 10 Ϫ7 M transferrin, 10 Ϫ5 M aprotinin, 10 Ϫ5 mM dexamethasone, 10 Ϫ3 mM nicotinamide, 100 µg/ml streptomycin, 5 units/ml of penicillin, 2.5 µg/ml fungizone and 10% fetal calf serum. The cells were maintained at 37°C in a humidified atmosphere of 5% CO 2 . The medium was changed twice a week.
Colony forming capacity
The cells cultivated in 100 mm-diameter dishes at a density of 10 5 cells/plate were fixed in methanol at 4 weeks after the start of culture, and the plates were stained by the Giemsa's solution. The stained dishes were scanned with an image scanner, and the colonies were analyzed using NIH image 1.55 software. Colonies were counted in three size-classes (Ͻ2.0 mm, 2.0-4.0 mm and Ͼ4.0 mm in diameter). 
Assay for cell proliferation
Hepatocytes were plated onto 35 mm-diameter dishes at a density of 1.2ϫ10 4 cells per plate and incubated in 10 µM bromodeoxyuridine (BrdU) for 24 h in the 1st, 2nd and 4th weeks, followed by fixation in methanol. Nuclear BrdU uptake was detected using an anti BrdU monoclonal antibody (BectonDickinson) and a Histofine biotin-streptoavidin detection kit (Nichirei, Tokyo, Japan). The BrdU labeling index was examined for 5000 cells per dish using photographs of 10 areas covering individual cell clusters or colonies.
Assay for cell death
To estimate the rate of cell death, 1ϫ10 5 hepatocytes were plated onto 100 mm-diameter dishes, and total cells including both suspended and adherent hepatocytes were collected every week until 4 weeks after the start of culture. The suspended cells were obtained by centrifugation, and the adherent cells were removed using trypsin solution. The cell number and viability for each dish were determined by the trypan blue dye exclusion test using a hemocytometer. For each mouse, at least three dishes were examined at each time point. The results were confirmed by performing experiments in triplicate. For morphological evaluation for apoptosis, the cells were fixed in 4% neutral buffered formalin solution. The apoptotic cells were detected by the terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick-end labeling (TUNEL) method (Apoptag plus in situ apoptosis detection kit, Oncor, Gaithersburg, MD) according to the manufacturer's instructions.
Statistical analysis
Results obtained for the various experimental groups were compared using Mann-Whitney's U test.
Results
Strain variation in colony forming capacity
The hepatocytes were attached and spread in monolayers within a few hours after seeding. They formed loose colonies within several days, but large numbers of cells in the colonies changed their appearance, becoming large and agranular with enlarged and/or multiple nuclei, characteristics of senescent cells (20, 21) . On the other hand, small cells which were compactly arranged also occasionally became evident within the colonies. During weeks 2-4, early colonies containing small cells increased in size (Figure 1 ), whereas others mainly consisting of large agranular cells disappeared. However, even in the proliferating colonies mainly consisting of small cells, large cells were also seen at the periphery.
At the end of the 2nd week, there were no remarkable differences in numbers and the morphology of colonies among the three strains. However, by the 4th week, large numbers of distinct colonies had developed in D2, but not in the B6 case (Figures 2 and 3 ). In the latter strain, most early colonies disappeared by the 4th week after showing a senescent phenotype. The pattern of change was somewhat intermediate in the The difference is highly significant between the three strains (P Ͻ 0.01). In the F 1 hybrids between B6 and C3 or D2, the high colony forming capacity of C3 or D2 is always dominant in any combination (P Ͻ 0.01 for B6 versus C3B6F 1 , B6C3F 1 or B6D2F 1 and 0.01 Ͻ P Ͻ 0.05 for B6 versus D2B6F 1 ). With C3D2F 1 and D2C3F 1 , colonies are more abundant than with C3 and D2 (P Ͻ 0.01 for C3 versus C3D2F 1 or D2C3F 1 , and 0.01 Ͻ P Ͻ 0.05 for D2 versus C3D2F 1 or D2C3F 1 ). Vertical bars, SD. C3 cells. In F 1 hybrids between C3 and B6, or D2 and B6, the high colony forming capacity of C3 or D2 was always dominant over B6 (Figures 2 and 3) . The colony numbers were almost the same as for the dominant parents rather than being intermediate between the two strains. In the F 1 hybrids between D2 and C3, colonies were 78% more abundant than in the C3 and 22% than the D2 case (P Ͻ 0.01), indicating a capacity for colony formation to be additive. When the parent strains were exchanged, the colony forming capacity did not vary.
Rate of proliferation
The BrdU labeling index varied among colonies, and was much higher in small compact cells than in their large extended counterparts. Although average BrdU labeling indices were not very different after 2 weeks, the value for B6 was significantly lower than those for the C3 or D2 cases by the 4th week (Figure 4 ). This was because the ratio of the numbers of proliferating to senescent colonies was lower in B6 than in the other two strains.
Rate of cell death
Dead cells were a constant feature with both proliferating and senescent colonies. The dead cells showed characteristics of either lysis (necrosis) or apoptosis (22) . Features of apoptosis such as nuclear condensation and fragmentation were confirmed by the Giemsa's staining and TUNEL method (data not shown). The numbers of cells dying over 1 week periods were measured up to the 4th week, both for suspended and adherent cells in every dish. Although fractions of dead C3 and B6 cells gradually increased until the 4th week ( Figure 5 ), a plateau appeared to be reached with the D2 strain. Consistent with this, the numbers of viable D2 cells were much greater than in the C3 or B6 cases.
Discussion
The present study confirmed that when murine hepatocytes are cultivated for a long period, a small fraction of the cells show a capacity for colony formation. Most colonies, if not all, thought to be clonal, because only rare cells form colonies, and cell lines derived from such colonies occasionally show clonal chromosomal alterations (23) . This colony forming capacity was obviously strain-dependent, being high in the hepatocarcinogenesis-susceptible strains and low in the resistant strain. Moreover, it was demonstrated that the high colony forming capacity was always dominant in any combination of F 1 hybrids between susceptible and resistant strains. Exchange of the parent strains did not influence the colony forming capacity of the F 1 hybrids, indicating that genomic imprinting (24,25) is not involved in the underlying mechanism. A dominant nature of inheritance has also been reported for susceptibility to hepatocarcinogenesis (2) . That of B6C3F 1 mice is closer to the C3 than the B6 susceptibility (13) . On the other hand, in the case of F 1 hybrids between D2 and C3, the colony numbers were significantly higher than the parental stains, this additive colony forming capacity suggesting that different genes are respectively involved in these two strains.
In spite of the apparent correlation between the hepatocarcinogenesis susceptibility and the high colony forming capacity, some differences between the two phenomena were noted. First, multiplicity and incidence of hepatic tumors among the three strains differs to a greater extent than the colony numbers. However, in the earlier study by Lee et al. (10) , the colony numbers were 30-150 times more abundant for C3 than B6, although the totals were much fewer in both strains than in the present study. This is probably due to differences in the culture conditions; collagen-coated dishes were used in this study instead of conventional plastic dishes, Williams' E medium supplemented with a number of growth factors was employed instead of Waymouth's medium without growth factors, and the colonies were counted at the 4th week instead of the 3rd month. So, colonies which might disappear in the previous conditions (10) were presumably included in the present observations. Another difference is that the colony forming capacity of D2 was found to be higher than that of C3, while the opposite is the case for susceptibility to hepatocarcinogenesis. It is therefore possible that, although common genes are involved, their relative importance differs with each phenomenon.
Drinkwater and Bennett (1) have reported that D2 are susceptible to hepatocarcinogenesis during neonatal period, but became resistant in adult. Inheritance of the susceptibility of D2 is complex, because they have multiple susceptibility genes with minor effects together with two major resistance genes (17) . The high incidence of colony formation observed in this study seems to be correlated to the high hepatocarcinogenesis susceptibility of neonatal D2 mice, presumably because we used weanling (3-weeks-old) D2 mice. However, it should be investigated whether the colony forming capacity of D2 mice may vary depending on age.
Cell death continuously occurred in both proliferating and senescent colonies with evidence of apoptosis (22) as well as lysis (necrosis) (26) . This is in line with in vivo as well as in vitro findings after treatment with various chemicals and/ or deprivation of growth factors (27, 28) . The mechanisms responsible for both pathways occurring within the same environment are currently unknown.
The fact that only a small fraction of cultured hepatocytes can form colonies suggests that some additional molecular alterations may be associated with this phenomenon. We have previously reported that most cell lines established from hepatocytic colonies of C3B6F 1 showed loss of heterozygosity (LOH) at the distal part of chromosome 4, designated the Lci (liver cell immortalization) locus (23, 29) . LOH involving a closely-related region on chromosome 4 has also been reported for various other mouse cell lines (30, 31) as well as primary tumors (32) (33) (34) . Furthermore, genes suppressive for development of various mouse neoplasias have been mapped to the distal part of chromosome 4 (17, 35, 36) . Since mouse chromosome 4 has a synteny to human chromosome 1p and 9p which contain the tumor suppressor genes or their candidates such as p15 ink4b (37) , p16 ink4a (38, 39) , p18 ink4c (40, 41) and p73 (42) , these may be related to immortalization and cancerization. However, LOH on chromosome 4 was rare in the cells directly isolated from the colonies of B6C3F 1 or C3B6F 1 hepatocytes at the 4th week (M.Yoshie, H.Nishimori, G.-H.Lee and K.Ogawa, unpublished observations), indicating that this change may not be necessary for the colony formation. The possibility that putative changes may lead to a positive imbalance between cell proliferation and cell death in rare cells remains to be clarified.
Since there was no significant difference in the numbers of colonies until the second week in the three strains, the survival rate of seeded cells and the efficiency of early colony formation presumably does not vary. The subsequent strain dependent difference points to the genetic background mainly influencing proliferation and longevity of colonies which are also variable among individual colonies. In this context the facts that the rate of death of D2 cells was lower than in the C3 or B6 cases and that the proliferation rate of B6 cells was lower than in the C3 or D2 cases were of interest. That is, the high colony forming capacity of D2 seems to be due to the fact that a large fraction of early colonies create distinct colonies at the fourth week with high proliferation and low death rates, while the low capacity of B6 seems to be due to the fact that most early colonies become senescent at the fourth week showing low proliferation and high death rates. C3 showed the intermediate features between D2 and B6. In all cases, however, distinct colonies remaining at the fourth week seemed to show the high proliferation and low death rates.
Given that common genes are involved in colony forming capacity and susceptibility to hepatocarcinogenesis, this in vitro 1106 trait could be utilized as a marker to search for susceptibility genes by linkage analysis, using backcrosses between F 1 and parental strains. Because colonies are formed within a relatively short period and easy to count, and the high colony-forming capacity is highly dominant, this approach holds great promise.
